Measurements which probe the energy dependence of αs, the coupling strength of the strong interaction, are reviewed. Jet counting in e + e − annihilation, combining results obtained in the centre of mass energy range from 22 to 133 GeV, provides direct evidence for an asymptotically free coupling, without the need to determine explicit values of αs. Recent results from jet production in e p and in p p collisions, obtained in single experiments spanning large ranges of momentum transfer, Q 2 , are in good agreement with the running of αs as predicted by QCD. Mass spectra of hadronic decays of τ -leptons are analysed to probe the running αs in the very low energy domain, 0.7 GeV
INTRODUCTION
Since Quantum Chromodynamics [1] and the concept of asymptotic freedom [2] were introduced to describe the dynamics of hadronic processes at high momentum transfers, several "key" predictions of the theory were successfully tested by experiment: 'Evidence for jet structure in hadron production by e + e − annihilation' was found in 1975 [3] , the gluon was explicitly observed at the PETRA e + e − storage ring in 1979 [4] . The first measurement of the coupling strength α s , the basic free parameter of the theory, was reported in that same year [5] , based on leading order perturbative QCD. The first determination of α s in next-to-leading order (NLO) QCD dates back to 1982 [6] .
After these pioneering years, many further tests of QCD were performed in e + e − annihilation, in deep inelastic lepton-nucleon scattering and at hadron colliders. In 1988, first evidence for the running α s was obtained from the energy dependence of 3-jet event production rates in e + e − annihilation [7] . An update and a summary of these measurements will be presented in Section 3 of this review.
Although many determinations of α s , in the energy range of Q ∼ 4 to 46 GeV, were available by 1990, the running of α s could not convincingly be seen from those results [8] . Only in 1992, a compilation of measurements of α s in the energy range from 1.78 GeV (the mass of the τ -lepton) to 91.2 GeV (the mass of the Z 0 -boson), could demonstrate the characteristic energy dependence of the strong coupling [9] .
The actual evidence for the running coupling strength or, equivalently, for asymptotic freedom is summarised in this review. The results from jet production rates in e + e − annihilation are presented in Section 3. Recent studies of jet production and of the proton structure function F 2 in deep inelastic electron-proton collisions are discussed in Section 4. New results from jets in pp collisions and from hadronic decays of τ -leptons, demonstrating the energy dependence of α s in ranges of very high and very low momentum transfers, respectively, are presented in Sections 5 and 6. An update of the world summary of α s measurements is finally given in Section 7.
This report is restricted to results which were published at the time of this conference; preliminary results are not taken into account.
QCD AND THE RUNNING α s
Within perturbative QCD, the energy dependence of α s is given by the β-function: 
where N f is the number of quark flavours with masses less than the energy scale µ. A solution of Equation 1, in third order expansion, is [10] α s (µ) = 4π
At large energy scales µ, or equivalently at small distances, α s vanishes logarithmically; this behaviour of α s is called 'asymptotic freedom'.
In this report all calculations, equations and results refer to the 'modified minimal subtraction scheme' (MS) [11] . More detailed information about the basic QCD equations and for the treatment of heavy quark flavour thresholds can be found e.g. in [10] [11] [12] [13] .
JET RATES IN
Studies of hadron jets provide the most intuitive tests of the underlying parton (i.e. quark and gluon) structure of hadronic events. The most commonly used algorithm to reconstruct jets in e + e − annihilation was introduced by the JADE collaboration [7] : the scaled pair mass of any two resolvable jets i and j in a hadronic event,
vis , is required to exceed a threshold value y cut , where E vis is the total visible (measured) energy of the event. In a recursive process, the pair of particles or clusters of particles which has the smallest value of y ij is replaced by (or 'recombined' into) a single jet k with fourmomentum p k = p i + p j , as long as y ij < y cut . The procedure is repeated until all y ij are larger than the jet resolution parameter y cut , and the remaining clusters of particles are called jets.
Several methods of jet recombination and definitions of M ij exist, for which QCD predictions in complete O(α 2 s ) perturbation theory [14] , based on the matrix elements of Ellis, Ross and Terrano [15] , are available. In O(α 3-and 4-jet production rates, R n = σ n−jet /σ tot , where σ tot is the total hadronic cross section and σ n−jet are the cross sections for n-parton event production, are quadratic functions of the running coupling constant α s (µ). In particular,
where µ = x µ E cm is the renormalisation scale at which α s is evaluated, x µ is the renormalisation scale factor and y c ≡ y cut . The energy dependence of R 3 is only determined by the running α s ; the scale factor x µ -although it's optimal value is not given by the theory -is not expected to change with energy. Jet production rates are therefore an ideal tool to test the energy dependence of α s , without the need to actually determine α s itself.
The first analysis in this sense was done by JADE [7] . The original JADE (also called E0) scheme with M 2 ij = 2E i E j (1 − cos θ ij ), where E i and E j are the energies of the particles and θ ij is the angle between them, has the smallest hadronisation corrections with only a weak dependence on the centre of mass energy, E cm . This is demonstrated in Figure 1 , where the ratio r = R 3 (hadrons) / R 3 (partons) predicted by the JETSET QCD shower model [16] is plotted α = const. as a function of E cm , for constant values of y cut [17] . For all jet algorithms, the quantity (1-r) shows an approximate 1/E cm behaviour at large E cm , as expected for non-perturbative hadronisation effects. At smaller energies, usually for √ y cut E cm < 7 GeV, r increases with decreasing E cm because of misassignments of jets, caused by hadronisation fluctuations and heavy quark decays. For the JADE E0 algorithm, |1 − r| is small enough and the energy dependence of r is sufficiently flat for E cm between 25 and 200 GeV to be approximated by a constant within a systematic uncertainty of ±2%. This feature makes an important impact on the experimental evidence for asymptotic freedom.
A compilation of the experimental results of R 3 , analysed with the JADE (E0) jet finder at different E cm using y cut = 0.08, is presented in Fig. 2 [7, 18, 19] . The data are compared with fit results of analytic O(α 2 s ) QCD calculations [14] , of the hypothesis of an energy independent coupling constant and of the abelian, QED-like vector theory in O(α 2 A ), where α A was adjusted such that the jet rates at E cm = 44 GeV are reproduced [17] .
For the QCD predictions and the hypothesis of α s = constant, the free parameters Λ MS and a constant 3-jet rate < R 3 >, respectively, were determined by minimising χ 2 for the data from E cm = 29 to 133 GeV. The data points at E cm = 22 GeV were not included in the fit since hadronisation effects may already bias the measurements at this energy, see Fig. 1 .
For QCD, the fit results in Λ MS = (253 ± 12 MeV), which corresponds to α s (M Z 0 ) = 0.120 ± 0.001 (stat. error only), and χ 2 = 8.1 for 13 degrees of freedom * , corresponding to a confidence level (CL) of 84%. A linear fit through the data (not shown in Fig. 2 ) gives χ 2 = 12.7 for 12 degrees of freedom (CL = 39%). The hypothesis of α s = constant with χ 2 = 72 (CL = 3.4×10 −10 ) and the abelian theory, the χ 2 of which tends to infinity, are entirely ruled out by the data.
The experimental evidence for asymptotic freedom is further demonstrated in Fig. 3 , where the same experimental data, however combined at similar c.m. energies, are plotted as a function of 1/ ln(E cm ). The dashed line is a fit to the leading order QCD prediction, namely R 3 ∝ α s ∝ 1/ ln E cm . The corresponding prediction in O(α 2 s ) is also shown, indicating that higher order * In order to account for the small, energy dependent hadronisation effects as predicted by the model calculations shown in Fig. 1 , a relative systematic point-to-point uncertainty of ±2% is included when calculating χ 2 .
terms affect the energy dependence of R 3 only slightly. At infinite energies (1/ ln(E cm ) → 0), R 3 and α s are expected to vanish; an assumption which is in good agreement by the data.
While the most recent data from LEP-1.5 (E cm ∼ 133 GeV) are statistically very limited, which will most likely not be improved in the future, it is expected that LEP-2 (E cm ∼ 175 GeV) will provide another data point with an absolute error of ∆(R 3 ) ∼ 1%. The significance of data from future high energy e + e − linear colliders can be inferred from Figure 3 : at E cm = 500 GeV, the statistical error ∆(R 3 ) for 1000 hadronic events will be about 1%. From the point of view of the previous experiments at PETRA and PEP and with the eyes of QCD, i.e. on a logarithmic energy scale, a linear collider at E cm = 500 GeV is almost half-way to infinte energies!
RUNNING α s FROM e-p COLLISIONS
In deep inelastic electron-proton scattering (DIS), hadronic final states can be studied in a wide range of energy scales Q 2 , the squared four-momentum transfer from the incident lepton. Both experiments at HERA, H1 and ZEUS, determined α s (Q 2 ) from jet rates measured in the energy range of 10 GeV 2 < Q 2 < 4000 GeV 2 [20, 21] , using a modified JADE jet algorithm where the proton remnant is treated as a pseudoparticle which carries only longitudinal momentum (i.e. along the beam direction). The jet resolution parameter is given by
2 , where W is the invariant mass of the hadronic system and M ij the invariant pair masses of all objects used including the pseudoparticle. This choice of algorithm ensures a jet classification which is similar to that used in e + e − annihilation. The jet production rates R N +1 are calculated from the number of events with N resolvable jets inside the acceptance region, where "+1" denotes the pseudoparticle (or pseudojet) from the proton remnant.
In DIS, jet rates by themselves cannot demonstrate the running of the coupling since theory predicts that the QCD coefficients of α s also depend, in contrast to the case of e + e − annihilation (see Eq. 3), on Q through the parton density functions. QCD predictions for (1+1) and (2+1)-jet events which are complete to O(α 2 s ) [22] are therefore used to extract α s for different bins of
The results are compiled in Fig. 4 [23] . Although the overall uncertainties, both statistical as well as systematic, are still rather large in these measurements, the general trend of a coupling which decreases with increasing Q can clearly be seen. The lines in Fig. 4 indicate the results of a QCD fit through the measurements, which extrapolates to α s (M Z 0 ) = 0.120 ± 0.005 ± 0.007.
In another study of the HERA data [24] , α s is determined from the proton structure function F p 2 (x, Q 2 ) at small x and Q 2 < 100 GeV 2 . F p 2 is computed in next-to-leading order in α s , including summations of all leading and subleading logarithms of Q 2 and 1/x. In that study it is demonstrated that the structure function data of H1 and of ZEUS exhibit double logarithmic scaling in both x and Q 2 , which is regarded as direct evi- dence for the running α s [24] . A QCD fit to these data finally gives α s (M Z 0 ) = 0.120±0.005±0.009, where the first error is experimental and the second theoretical. This is in good agreement with the result from jets described above, and also with the world average of α s (M Z 0 ), see section 7.
JETS IN HADRON COLLISIONS
Similarly as in deep inelastic lepton-nucleon scattering, hadron colliders provide the opportunity to simultaneously probe QCD in a wide range of momentum transfers Q. In a recent study [25] based on the one-jet inclusive transverse energy (E T ) distribution measured at the Tevatron [26] , values of α s (Q ≡ E T ) are determined over a wide range of energies, E T = 30 to 500 GeV.
The results of this study are shown in Fig. 5 . The values of α s (E T ) are seen to decrease with increasing E T , in good agreement with the QCD expectations of a running coupling strength (shaded area). A simultaneous QCD fit to these data results in α s (M Z 0 ) = 0.121 ± 0.001 (stat.) ± 0.008 (syst.) ± 0.005 (theor.), which is in excellent agreement with other measurements, see section 7. 6. RUNNING α s FROM τ DECAYS Measurements of the ratio of the hadronic and leptonic branching fractions of the τ lepton, R τ , have provided precise values of α s at the energy scale of the τ -mass, Q ≡ M τ = 1.777 GeV, see e.g. [13, 27] and references quoted therein. Recently, a new test of the energy dependence of α s was proposed [28] , based on the τ decay rate into hadrons of invariant mass squared s smaller than a threshold value s 0 :
The running coupling constant α s (s 0 ) is extracted from the inclusive hadronic spectrum dR τ (s)/ds measured by ALEPH and CLEO [27, 29] , in the low energy region 0.7 GeV 2 < s 0 < M 2 τ where α s is expected to change by almost a factor of two.
Theoretical predictions for R τ (s 0 ) include perturbative terms which are complete to O(α 3 s ) as well as estimates of nonperturbative contributions using the operator product expansion [31, 32] . Assuming global parton-hadron duality, α s can thus be determined from each measured value of R τ (s 0 ).
The results of the study of ref. [28] are shown in Fig. 6 . Since values of α s extracted from R τ (s 0 ) are correlated with each other, the fit results are displayed as a band. The dashed curve shows the QCD expectation of the running coupling constant calculated in O(α In addition, the data show a distinct preference for the 3-loop β-function (Eq. 2), compared to the leading order (1-loop) one [28] . The overall value for α s , including estimates of higher order perturbative uncertainties, results in α s (M τ ) = 0.33 ± 0.03 or, equivalently, in α s (M Z 0 ) = 0.119 ± 0.004.
WOLRD SUMMARY OF α s
Having discussed the current tests of asymptotic freedom from measurements based on single observables like jet rates, jet-E T -spectra and τ -decays, the overall summary of all available α s determinations remains to be updated (see e.g. [8, 9, 13, 30] for previous reviews).
An update of the summary given in [13] is presented in Table 1 . Graphical presentations of the running coupling α s (Q) and of the results extrapolated to α s (M Z 0 ), using the 3-loop expansion (Eq. 2) and treating heavy flavour thresholds according to ref. [12] , are given in Figs. 7 and 8 , respectively. The most recent changes and additions are discussed in the following subsections; see [13] for comparison.
α s from Sum Rules
The results from the Gross-Llewellyn-Smith and the Bjorken sum rules [33, 34] have been retained; a preliminary update of the Bjorken sum rule result from the CCFR collaboration (see e.g. [35] ) exists but is not included here because the final publication is still missing.
α s from τ Decays
In the previous report [13] , α s from τ decays was obtained from a compilation of measurements of the ratio of the hadronic to the leptonic τ branching ratios, R τ . Meanwhile, several new measurements of this quantity became available (see [27, 36] and references quoted therein). Instead of deriving an updated value of α s from R τ , the results from the study described in section 6, namely from the hadronic invariant mass distribution of τ decays, R τ (s 0 ), is taken. This result is identical to the one derived from a recent evaluation of α s and its overall uncertainty from R τ [38] : α s (M τ ) = 0.33 ± 0.03.
α s from Deep Inelastic Scattering
In addition to the earlier results from fixed target experiments [39, 40] , the new values of α s from HERA, discussed in Sect. 4, are included.
α s from Lattice QCD
The values of α s (M Z 0 ) from lattice QCD calculations, based on measurements of heavy quarkonia mass spectra, slowly but gradually increased during the past few years. These changes are mainly due to the availability of unquenched cal- culations (i.e. including dynamical light quark flavours) and to more refined procedures to convert the lattice coupling to the running coupling of perturbative QCD. A recent summary of these results gives α s (M Z 0 ) = 0.115 ± 0.002 [41] , which is taken over for this review. There are, however, unpublished reports which result in α s (M Z 0 ) = 0.118 ± 0.002, see e.g. [42] .
α s from Hadron Collsions
The previous, preliminary determination of α s from a measurement of the bb cross section was updated and finally published in [43] .
Results on α s from pp → W jets [44, 45] which were considered in previous compilations are no longer included since the QCD calculations on which they are based are not complete to nextto-leading order. A recent study of this process from D0 reports that calculations which are complete to NLO do not provide a reasonable fit of the data [46] .
The result on α s from the one-jet inclusive E tdistribution, as discussed in Section 5, is a new entry in Table 1. 7.6. α s from the Z 0 Line Shape The value of α s (M Z 0 ) derived from the hadronic width of the Z 0 boson was continuously updated during the past years, according to the increasing data statistics of the four LEP experiments. Not all of these updates were published in journals, however they are documented as CERN preprints which are commonly available. In this review, the result which was documented last before this conference is taken, α s (M Z 0 ) = 0.126 ± 0.006. [47] . of data, corresponding to only about 300 nonradiative hadronic events per experiment. Due to the large statistical uncertainty of each experiment, only the combined value of α s from LEP-1.5 can provide a meaningful test of the running coupling.
The results of α s from jet rates and from hadronic event shapes at LEP-1.5 are summarised in Table 2 . There is good agreement between the experiments, within the statistical uncertainties. The average result is α s (133 GeV) = 0.112±0.009 or, equivalently, α s (M Z 0 ) = 0.118 ± 0.009, which is compatible, within the experimental errors, with the value which was directly obtained at the Z 0 resonance, α s (M Z 0 ) = 0.121 ± 0.006.
World Average of
Averaging the values of α s (M Z 0 ) from Table 1 , either unweigthed or weigthed by the inverse square of their errors, gives † α s (M Z 0 ) = 0.118 in both cases. This value has been remarkably sta- † The result which is based on lattice QCD is not included when computing the weigthed average; see Section 7.4 for justification.
ble during the past few years, see e.g. [8, 9, 13, 30] for previous reviews. From Fig. 8 it can be seen that all results of α s are compatible with this world average, within the errors assigned to the measurements.
The errors of most α s results are dominated by theoretical uncertainties, which are estimated using a variety of different methods and definitions. The significance of the quoted errors is largely unknown; they are neither gaussian nor are the correlations between different measurements known. A "correct" calculation of the overall uncertainty of α s (M Z 0 ) is therefore not possible.
Some methods were proposed to compute the overall error from the individual ones, either by rescaling the latter or by constructing an ad-hoc correlation matrix such that the overall χ 2 deviation from the mean value is equal to the number of degrees of freedom (i.e. to n − 1, where n is the number of individual measurements) [10, 50] . If applied to the results listed in Table 1 , these methods suggest that ∆α s (M Z 0 ) ∼ 0.003...0.005.
Since most of the errors listed in Table 1 are not gaussian but rather indicate probability distributions of rectangular shape (however still with unknown correlations between each other), a more pragmatic and conservative estimate of the overall uncertainty of α s (M Z 0 ) is therefore applied: counting the relative number of entries in Table 1 whose central values are within ±∆α s of α s (M Z 0 ) = 0.118, one gets about 45% for ∆α s = 0.003, 60% for 0.004, 75% for 0.005, 90% for 0.006, 95% for 0.008 and 100% for 0.008. A 90% "confidence level" seems to be a reasonable and safe estimate for ∆α s , such that the world average is quoted to be 
Systematic Differences in
In previous reviews the observation was made that measurements which are obtained at energy scales of 5 GeV < Q < 20 GeV are systematically low, corresponding to α s (M Z 0 ) ≈ 0.112, while at Q ≈ M τ and Q ≥ 30 GeV the results tend to be higher, α s (M Z 0 ) ≈ 0.120 and 0.122, respectively. Speculations about the origin of these differences include the existence of a light, neutral, coloured object of spin 1/2 (e.g. a gluino), a possible dependence on the scattering process (e + e − annihilation or deep inelastic scattering) or effects of quark masses which are not included in the current higher order QCD calculations [13] .
In general, these systematic but hardly conclusive differences are still visible in this summary, see Table 1 and Figure 8 . However, the most recent results of α s from deep inelastic scattering at HERA and from jet production in hadron collisions underline the tendency towards higher values of α s (M Z 0 ), in agreement with those from e + e − annihilation, and the detailed studies of hadronic τ -decays provide consistent results, too. Therefore the hyptheses of a process dependence of α s or of the existence of light gluinos are not very likely to explain the suspected differences. The most probable origin of those, if significant at all, could be the absence of heavy quark mass effects in the current QCD calculations, which would affect the results from data with energies close to the quark thresholds most.
Next-to-leading order calculations including quark mass effects are currently being worked on. This, together with the ongoing efforts to determine α s from the yet increasing amount of data from various processes, has the potential to decrease systematic uncertainties and to resolve the cause of the differences which are still being observed.
Conclusion
Asymptotic freedom, which is the key feature of the theory of strong interactions, has been successfully tested in various experimental studies. Perhaps the most intuitive and direct method, the study of the energy dependence of 3-jet event production rates in e + e − annihilation, R 3 , began to provide evidence for the running of α s already in 1988. These studies, carried out by various experiments in a large range of c.m. energies, are based on the JADE-E0 jet algorithm for which, at constant jet resolution, hadronisation corrections are small enough such that R 3 is directly proportional to α s . With the availability of the LEP data the evidence developed into a proof of asymptotic freedom, demonstrating that α s decreases with increasing energy, as predicted by QCD.
Further significant tests became available in the past two years: jet rates in ep-collisions at HERA and 1-jet inclusive transverse energy distributions in hadron collisions, measured by single experiments in large regions of the energy scale, provide the possibility to determine the energy dependence of α s while minimising systematic point-to-point uncertainties. A new analysis based on invariant mass distributions of hadronic τ -decays demonstrates the running of α s in the energy range of 0.7 GeV 2 < Q 2 < M 2 τ , where the coupling changes by almost a factor of two.
In addition to these dedicated tests, the world summary of measurements of α s , in the energy range of M τ ≤ Q ≤ 133 GeV, provides compelling evidence for asymptotic freedom. Within their assigned uncertainties, all measurements are compatible with the QCD expectation of a running α s .
Extrapolated to a common energy scale, using Equations 1 and 2 and treating quark flavour thresholds as described in [12, 10] , the measurements of α s average to
The overall uncertainty of 0.006 corresponds to a simple estimate of a "90% confidence level", derived from the scatter of the individual results. Table 2 . Summary of measurements of αs at LEP-1.5 (< Ecm > = 133 GeV). The first errors are experimental, the second theoretical. The last two columns give the results of αs(M Z 0 ) previously obtained at the Z 0 resonance (LEP-I) and the number of standard deviations between the LEP-I and LEP-1.5 results, respectively, taking only experimental errors into account.
